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Introduction {#sec001}
============

Host defense peptides (HDPs) are a class of evolutionarily conserved substances of the innate immune response that are recognized as chief players in the defense system found among all classes of life. They are usually amphipathic, have a net positive charge (generally +2 to +9) and are short in sequence (10--100 aa); furthermore, HDPs have recently been explored for their anticancer property \[[@pone.0125908.ref001]--[@pone.0125908.ref004]\]. This class of peptides features many characteristics ideal for anticancer treatment applications, such as i) high water solubility, ii) a broad spectrum of cytotoxicity, and iii) the ability to overcome multidrug resistance, which has developed in cancer cells treated with conventional chemotherapy drugs \[[@pone.0125908.ref005]\]. Several biophysical studies have shown that small proteins or peptides (20--40 amino acid residues) can penetrate the cell membranes of microorganisms. Melittin, a cationic amphipathic peptide made up of 26 amino acid (aa) residues, has been found to be a potent component of bee venom *Apis mellifera* \[[@pone.0125908.ref006]\]. It has been proven to have a direct cytotoxic effect on a wide range of cancer cell lines *in vitro*. It has been reported that melittin inhibited cell growth in two ovarian cancer cells via induction of death receptors and down regulation of JAK2/STAT3 \[[@pone.0125908.ref007], [@pone.0125908.ref008]\]. It exerts its toxic activity by disrupting plasma membranes following pore formation. Cationic aa residues of melittin interact directly with anionic cellular membranes via electrostatic interactions and hydrophobic regions; this interaction is responsible for membrane permeation and disruption \[[@pone.0125908.ref006]\]. A comparably short protein, with an end-to-end distance of \~3.5 nm, the dimension perfectly serves as a single transmembrane-spanning alpha-helix. Numerous computational studies have demonstrated that melittin forms transmembrane pores from its interaction with lecithin PC membranes (2\~3 nm in diameter). Its potent activity has attracted researchers to utilize melittin for the next generation anticancer therapeutic agent. However, the therapeutic potential has not been fully achieved in clinic due to their off-target toxicity, rapid degradation and clearance *in vivo*. Melittin has been incorporated into lipid coated perfluorocarbon particles to accumulate in multiple tumor targets, dramatically reducing tumor growth \[[@pone.0125908.ref007]\].

Although a few of these approaches clearly promise impending success in preclinical studies, their translational potential has not been fully realized. None or very little information can be found in the literature regarding their translational use in human studies. To improve selectivity and reduce toxicity, delivery vehicle implementation in human subjects will require great care. It is, therefore, imperative that we emphasize the fundamental chemical strategy and rationally approach the design of the vehicle suited for translational use. A better understanding of the interaction of venom toxins at the nanoscale is critical, which may dictate its overall stability, systemic integrity and cellular noxiousness. A carefully structured study to comprehend the interactions of melittin with the functional components at the shell and shell-surface will drive the design of next-generation delivery vehicles. Towards this end, we have adopted an in-silico-to-in-vitro approach and developed a well-defined nanoparticulate system for controlled delivery of melittin. The goal of this work was to provide a rational nanoparticle-based design for venom delivery through computational studies and support our theoretical findings with physico-chemical and biological studies. Thus, following the syntheses and physico-chemical characterization, a series of sequential experiments were carried out to study how nanoscale chemistry influences the delivery of venom toxins for cancer regression and help evade systemic disintegrity and cellular noxiousness ([Fig 1](#pone.0125908.g001){ref-type="fig"}).

![Graphical representation of peptidotoxin delivery.\
(a) Schematic of administrative protocol for Lipobee and Polybee; (b) Initial docking images of the PS~67~-*b*-PAA~27~ and melittin systems showing how structures of melittin are bound to single amphiphilic polymers and (c) showing the docking structure of melittin and lecithin PC. PS~67~-*b*-PAA~27~ and lecithin are depicted by white lines with explicit oxygen atoms depicted in red. The melittin peptide is shown in a green chain link style with oxygen atoms depicted as red and nitrogen depicted as blue.](pone.0125908.g001){#pone.0125908.g001}

*In silico* studies revealed the higher stability response of melittin towards amphiphilic block polymers compared to lipid molecules. Experimental study confirmed the better stability of polymeric system over lipidic assembly. To introduce micellar stability, a concept of rigid core was introduced \[[@pone.0125908.ref009]\]. Studies exploring change in hydrated size and inertness against serum proteins revealed the higher stability of rigid core particles. Experiments on melittin leaching in the presence of serum concentration revealed the higher stability of a melittin-polymer system (Polybee) compared to a melittin-lipid (Lipobee) system. An in silico study on melittin-DNA interaction was performed and verified by experimental data. It was found that free melittin could bring significant change in inter-helix hydrogen bonding to potentially influence cell growth mechanisms. Melittin in its protected form as Polybee and Lipobee were inactive. Significant changes in the hydrated size of Polybee and Lipobee upon incubation with sodium dodecyl sulfate was observed but not a lower pH. This pointed to the anionic membrane interaction as the responsible factor inside the cytoplasm as a plausible melittin release mechanism. Breast cancer cells of a different estrogen receptor status were used as model *in vitro* cancers for growth inhibitions studies. Irrespective of the cell line, Polybees were found to be better anti-cancer formulations compared to Lipobee and free melittin control.

Results and Discussion {#sec002}
======================

To design a safer as well as efficacious delivery system, we pursued a rigid core nanosystem that can potentially retain their integrity in blood circulation following systemic administration \[[@pone.0125908.ref010]\]. At the nanoscale level, rigid core micellar (RCM) systems can either be stabilized by amphiphilic PS~67~-*b*-PAA~27~ (polystyrene-b-polyacrylic acid) (PRCM) or by phospholipids (lecithin PC) (LRCM) encapsulation ([Fig 1A](#pone.0125908.g001){ref-type="fig"}). We anticipate that this system will provide model architectures, since the majority of nanomedicine platforms are dominated by lipid and polymeric systems. Furthermore, this strategy can also be extended to a series of peptide-toxins of different natural sources, chemistries and sizes.

To investigate the key interactions in the melittin- PS~67~-*b*-PAA~27~ polymer and melittin-lecithin PC lipid systems, molecular docking simulations were performed and analyzed ([Fig 1B and 1C](#pone.0125908.g001){ref-type="fig"}). All molecules were minimized (Sybyl-X 2.0) \[[@pone.0125908.ref011]\] before docking with MOE 2013.08. To investigate the key interactions in the melittin- PS~67~-*b*-PAA~27~ polymer and melittin-lecithin PC lipid system, MOE-Dock \[[@pone.0125908.ref012]\] was employed to dock the minimized melittin to both PS~67~-*b*-PAA~27~ polymer and lecithin PC lipid systems. The five best docking poses with highest S scores (lowest docking energy) were retained and listed in tabular form. Superimpositions of the five best docking poses in both systems are showed in [Fig 2](#pone.0125908.g002){ref-type="fig"}. From [Fig 2](#pone.0125908.g002){ref-type="fig"}, it can be found that in melittin- PS~67-~ *b*-PAA~27~ polymer docking structure, the five docking poses are in great diversity, which results in the great difference in the docking score between pose 1 and pose 5 (14.5 kcal/mol). However, in melittin-lecithin PC lipid docking structure, five docking poses can superimpose much better, which resulted in a small docking score difference between pose1 and pose 5 (1 kcal/mol). The conformation differences of docking poses of melittin to PS~67~-*b*-PAA~27~ polymer and lecithin PC lipid was caused by the different electric fields and steric fields for these two systems.

![Molecular docking studies.\
Super-imposition of the five best docking poses of melittin with lecithin PC and PS~67~-*b*-PAA~27~ polymer: (a) Docking poses of melittin to PS~67~-*b*-PAA~27~ polymer; (b) docking poses of melittin to lecithin PC. The best scored pose is in the green linked chains with the following smaller attachments listed in order according to their score as indicated by their color: Magenta, 2nd; yellow, 3rd; white, 4th, and cyan, 5th.](pone.0125908.g002){#pone.0125908.g002}

[Fig 1**A**](#pone.0125908.g001){ref-type="fig"} shows the docking structures of best poses of melittin to PS~67~-*b*-PAA~27~ polymer ([Fig 1B](#pone.0125908.g001){ref-type="fig"}) and lecithin PC lipid system ([Fig 1C](#pone.0125908.g001){ref-type="fig"}). In [Fig 1B](#pone.0125908.g001){ref-type="fig"}, it can be seen that melittin peptide stays close and parallels well with the hydrophilic end and a part of hydrophobic section of the polymer. The hydrophilic acrylic acid residues of the polymer formed critical hydrogen bond interactions with amino and hydroxyl groups of aa residues. Hydrophobic phenyl moiety near the hydrophilic terminus of the polymer formed hydrophobic interactions with side chains of aa residues of melittin. Gly1 to Ile17 lie in the hydrophilic end whereas Ser18 to Gln26 lie in the hydrophobic end of the polymer. In detail, the amino groups of the backbone of Gly1, Gly3, Ala4, Val5, Leu6, Gly12, Ala15 and Ile17, the oxygen both in side chain and backbone of Thr11 formed hydrogen bond interactions with oxygen of carboxylic acid of the polymer. The side chains of Leu17, Trp19, Lys21, Arg24 and Gln26 form hydrophobic interactions with phenyl and carbon atoms of the backbone of the polymer. To compare the key interactions of the docking poses with lecithin PC-peptide model, we docked the melittin peptide to the lipid lecithin PC ([Fig 1C](#pone.0125908.g001){ref-type="fig"}). Though melittin was found to be well intertwined with the lipid, this peptide-lipid docking structure was much unfastened. The distance between the two molecules was not close enough; therefore, not many hydrogen bond interactions and hydrophobic interactions exist as observed for peptide-polymer complex. The only interactions identified were the amino groups in Arg22 and Arg24 forming hydrogen bond interactions with oxygen in keto and phosphono groups in lecithin PC lipid. The side chains of Ala4, Leu13 and Ile17 formed hydrophobic interactions with the alkyl group in the lipid.

To further explore the sequence and size dependence of peptides for Polybee and Lipobee carriers, we chose several melittin peptidic fragments for computational modeling studies ([S1 Fig](#pone.0125908.s001){ref-type="supplementary-material"}). We selected (1) right 17-residues peptide, (2) left 9-residues peptide, and (3) middle 16-residues peptide to dock to PS~67~-*b*-PAA~27~ polymer and lecithin PC lipid system, respectively. In the docking structure of right 17-residues peptide with PS~67~-*b*-PAA~27~ polymer, the amino groups of the backbone of Thr1, the side chain of Lys12, Arg13 and Arg15, the oxygen carbonyl group of Lys12, Gln17 and side chain of hydroxyl group of Thr1, Thr2 and Ser10 formed hydrogen bond interactions with oxygen of carboxylic acid of the polymer. In the lecithin PC lipid docking structure, the amino groups of the backbone of Lys14 and side chain of Arg13, and side chain of hydroxyl group of Thr1 formed hydrogen bond interactions with oxygen in phosphono groups in lecithin PC lipid. In the docking structure of left 9-residues peptide with PS~67~-*b*-PAA~27~ polymer, the amino groups of the backbone of Gly1, Ile2, Ala4 and Leu9, the oxygen of carbonyl group of Val8 formed hydrogen bond interactions with oxygen of carboxylic acid of the polymer. In the lecithin PC lipid docking structure, the amino groups of the backbone of Gly1, Ile2 and the oxygen of carbonyl group of Ile2 formed hydrogen bond interactions with oxygen in phosphono groups in lecithin PC lipid. In the docking structure of the middle 16-residues peptide with PS~67~-*b*-PAA~27~ polymer, the amino groups of the backbone of Thr5, Gly7, Lys16, the side chain of Trp14, the oxygen of carbonyl group of Gly7 and side chain of the hydroxyl group of Ser13 formed hydrogen bond interactions with oxygen of carboxylic acid of the polymer. In the lecithin PC lipid docking structure, the amino groups of the backbone of Leu1, Lys2, Val3, Thr5 and the side chain of hydroxyl group of Thr5 formed hydrogen bond interactions with oxygen in phosphono groups in lecithin PC lipid.

The analysis of docking poses can clearly explain why the peptide-polymer structure is more stable than the peptide-lipid structure ([Table 1](#pone.0125908.t001){ref-type="table"}). We noticed that on the contrary to the docking poses and interactions analysis, the docking energy in lecithin PC lipid system is lower than PS~67~-*b*-PAA~27~ polymer system. This might be caused by differences in average entropy loss/gain due to the conformational flexibility and desolvation energy of each atom rather than that of maximum energy of H-bond between PS~67~-*b*-PAA~27~ polymer and lecithin PC lipid whose sizes are greatly different. In the PS~67~-*b*-PAA~27~ polymer system, the hydrophilic acrylic acid and hydrophobic styrene unit ratio will affect the hydrogen bond and hydrophobic interactions between melittin and polymer systems, whereas the unit length does not change these interactions greatly. [S2 Table](#pone.0125908.s005){ref-type="supplementary-material"} shows the scores of docking results of three melittin fragments to polybee and lipobee. As evident, the longer the peptide sequences, the better the docking scores were obtained. Docking scores were better for peptide with PS~67~-*b*-PAA~27~ polymer than with lethicin PC lipid because more hydrogen bond interactions are involved in a PS~67~-*b*-PAA~27~ polymer system.

10.1371/journal.pone.0125908.t001

###### Scores of different docking poses of melittin superimposed and energy minimized with lipid or amphiphilic polymer system.

![](pone.0125908.t001){#pone.0125908.t001g}

  Docking Pose   Melittin docked to polymer (Kcal/mol)   Melittin docked to lecithin lipid (Kcal/mol)
  -------------- --------------------------------------- ----------------------------------------------
  Pose 1         -5.07                                   -8.04
  Pose 2         -3.55                                   -7.51
  Pose 3         +2.37                                   -7.47
  Pose 4         +2.81                                   -7.31
  Pose 5         +9.56                                   -7.14

A post-preparative one-pot insertion method was used for stable entrapment of melittin and a generation of lipidated rigid core micellar melittin (Lipobees) from lipidated rigid core micelles (LRCMs). Similarly, polymerized rigid core micellar melittin (Polybees) were prepared from polymerized rigid core micelles (PRCMs). A typical preparation of LRCMs and PRCMs involved a preparation of 'rigid core' of polyoxyethylene20 cetyl ether (PECE) followed by stable coating with lecithin PC or PS~67~-*b*-PAA~27~ \[[@pone.0125908.ref013]\]. The stability of the micelles was achieved by curing the core at 4°C (PECE mp: 32°C). RCMs were then subjected to post-preparative incubation of the melittin in aqueous suspension for 30 min at ambient temperature with mild vortexing. The hydrodynamic diameter, morphology, layered arrangements; topography, electrophoretic potential, and particle stability were established using various physico-chemical experiments. To find out the loading of melittin in LRCM and PRCM, UV-absorbance spectroscopy was performed. It was seen that signature absorbance for melittin at 290 nm dropped down in the case of Lipobee and Polybee, most likely due to the surface internalization of melittin in LRCM and PRCM with post-interaction methodology.

The LRCM had an average hydrodynamic particle size of 23 ± 2 nm, which grew to 83 ± 3 nm in Lipobee primarily due to the surface interaction of melittin with RCM ([Fig 3](#pone.0125908.g003){ref-type="fig"}). Similarly, PRCM showed an average hydrodynamic diameter of 25 ± 5 which increased to 40 ± 8 nm in Polybee ([Fig 3](#pone.0125908.g003){ref-type="fig"}). Stability of these PRCM particles across various time points at rt and pH 7.4 was measured using DLS measurements, which showed a nominal change in the size of PRCM and Polybee of less than 10%. Similarly, LRCM size did not change to any significant level while Lipobee showed size changes of \~40%, emphasizing the significant instability of Lipobees compare to the high stability of Polybee. Stability of carrier vehicles has always been major concern in the success of nano-delivery protocols. Hence, Polybee promises the probable better melittin delivery response compare to Lipobee particles during *in vitro* and *in vivo* uses. The surface charge density for PRCMs was -12 ± 1 mV, which dropped down to -6 ± 1 mV in Polybee after incubation with the bee toxins.

![Preparation and physico-chemical characterization studies.\
Synthesis and characterization of rigid core micelles and melittin loaded particles: (a) Synthesis of PRCM and Polybee nanoparticles; (b) representative TEM images of Polybee; (c) representative AFM images of Polybee; (d) Synthesis of LRCM and Lipobee nanoparticles; (e) representative TEM images of Lipobee; (c) representative AFM images of Lipobee; (f) UV-vis spectroscopy of melittin, LRCM, PRCM, Lipobee and Polybee; (g) hydrodynamic diameter distribution (number averaged, nm). TEM samples (20 μL) were prepared on formvar-coated carbon grids and negatively stained with uranyl acetate and vacuum dried before performing the microscopy. Samples (20 μL) were drop casted on freshly cleaved mica sheets and air dried for \>24h before performing the tapping mode AFM.](pone.0125908.g003){#pone.0125908.g003}

On the other hand, zeta potential of LRCMs showed a nominal change in zeta potential when converted to Lipobee. This signifies the efficiency of making Coulombic interactions of the peptide with the outer corona of block polymers comprised of poly(acrylic acid) residues. Anhydrous state morphology of the Lipobee and Polybee particles was obtained at 25 ± 5 nm size compared to 22 ± 6 nm for LRCM and PRCM as studied by transmission electron microscopy (TEM, [Fig 3F](#pone.0125908.g003){ref-type="fig"}). The representative atomic force microscopy (AFM) images were acquired from drop casted samples on mica sheets to study the morphology pattern of these RCM particles. Average height values (H~av~) of a representative sample were 25 ± 5 nm ([Fig 3G](#pone.0125908.g003){ref-type="fig"}). Physico-chemical characterizations of Polybees and Lipobees suggest a potential over-edge for Polybees over Lipobees in formulation stability and other prerequisites to make them better agents for systemic application ([Table 2](#pone.0125908.t002){ref-type="table"}).

10.1371/journal.pone.0125908.t002

###### Hydrodynamic diameter distribution, anhydrous state particle size, particle height and electrophoretic potential distribution of PRCM, Polybee and LRCM and Lipobee in tabular form.

![](pone.0125908.t002){#pone.0125908.t002g}

  Nanoparticle   D~av~/DLS (nm)   D~ah~/TEM (nm)   H~av~/AFM (nm)   ζ/Zeta (mV)
  -------------- ---------------- ---------------- ---------------- -------------
  LRCM           23±2             35±5             20±6             -12±1
  Lipobee        83±3             25±5             25±7             -10±1
  PRCM           25±5             25±7             25±5             -12±1
  Polybee        40±8             22±6             26±8             -06±3

To verify the cancer cell regression affinity of these formulations, cytotoxicity assays were performed. As a model system for *in vitro* cancer culture, we chose estrogen positive (MCF-7) and estrogen negative breast cancer cells (MD-MB231) to evaluate the functional therapeutic potential of Polybees and Lipobees. MCF-7 and MD-MB231 cell lines represent early-stage and invasive human breast cancer cell lines, respectively. Irrespective of the cell line, Polybee showed significantly higher efficacy in comparison to Lipobee and melittin as evident from MTT assays ([Fig 4](#pone.0125908.g004){ref-type="fig"}). At the 48h incubation point, in MD-MB231 cells, the IC50 value for Polybee has been found at ca. 40 ± 4 nM compared to ca. 70 ± 7 nM in case of Lipobee and ca. 110 ± 10 M for free melittin; moreover, in MCF-7, IC50 value for Polybee was found to be ca. 80 ± 8 nM compared to ca. 100 ± 10 nM in the case of Lipobee and 105 ± 10 nM for free melittin. Meanwhile, LRCM and PRCM showed IC50 \>\> 1000 nM irrespective of the cell line, ([Fig 4G](#pone.0125908.g004){ref-type="fig"}). For the cells treated with free melittin (100 nM), cell growth density and morphological changes were indicative of cell death, whereas LRCM and PRCM did not alter to any significant level ([Fig 4](#pone.0125908.g004){ref-type="fig"}).

![Functional characterization in vitro.\
Representative bright field images of cell growth density and cancer cell morphology variation for MCF-7 (a-c) and MD-MB231 (d-f) after 48 h of incubation treated with melittin, LRCM and Lipobee, (g) IC50 values for various formulations in tabular form; biostatistical analysis on IC50 values for Polybee respect to melittin representing \*\*\* for p value \< 0.001 and \*\* for p value \< 0.005 after ONE way ANOVA with Bonferroni post test and (h-i) % cell viability variations by different formulation in MD-MB231 and (j-k) MCF-7 cells for (h-j) polymeric and (i-k) lipidic formulations.](pone.0125908.g004){#pone.0125908.g004}

The CH50 values for all the used formulations were found to be 6 ± 1 for PRCM, LRCM, Polybee, Lipobee and melittin and 8 ± 1 and 3 ± 1 for Reference 1 and Reference 2, respectively ([Fig 5A](#pone.0125908.g005){ref-type="fig"}). Although, *in vitro* experiments established Polybee and Lipobee as potent anti-cancer formulations, their presumed behavior for *in vivo* applications still remained unclear. *In vivo* success of such formulations very much depend on two major factors i) neutrality toward blood complement and ii) sustainable passaging of payload through systemic circulation. Our computational studies are indicative of stronger, tighter interaction of melittin with the amphiphilic polymer chains in direct comparison with the lipid, making Polybees; hence, melittin with its rigid core and polymeric shell is a better candidate for *in vivo* application. To confirm this observation experimentally, we explored the complement activation and melittin sustaining ability of these formulations in blood serum. Complementing this system, a group of proteins will activate to lead target cell lysis and facilitate phagocytosis through opsonisation on exposure to solid foreign materials in circulatory systemic fluid. The CH50 assay, which screens the activation of classical complementary pathways found to be sensitive to the reduction, absence and/or inactivity of any component of the pathway. The complementary CH50 assay is based on lysis of sensibilized sheep erythrocytes in the presence of Ca^2+^ and Mg^2+^. When sensibilized sheep erythrocytes are incubated with test serum of different treatments, different levels of haemolysis are achieved. CH50 complement activation assay was performed for all the formulations used here and found to be very inert in activation of complementary proteins, showing no significant change in CH50 values compare to normal complementary level plasma (Reference 1, i.e., 8 ± 1).

![Release mechanism, systemic toxicity and stability studies.\
(a) Complementing activation and (b) melittin leaching behavior of Lipobee and Polybees. Free melittin, LRCM and PRCM were used as controls; (c) optical microscopy images of blood smear untreated (i) and treated with melittin (1:10) (ii), LRCM (1:10) (iii), Lipobee (1:10) (iv), PRCM (1:10) (v) and polybee (1:10) (vi), respectively, (with 20x magnification). Melittin- and Lipobee-treated pig blood in the severely clumped, morphologically distorted state are shown in (ii) and (iv). Insets in (ii) and (iv) show red blood cell morphology to emphasize other similar morphological patterns throughout the sample.](pone.0125908.g005){#pone.0125908.g005}

The CH50 values for all the used formulations were found to be 6 ± 1 for PRCM, LRCM, Polybee, Lipobee and melittin and 8 ± 1 and 3 ± 1 for Reference 1 and Reference 2, respectively. It indicates that formulation PRCM, LRCM, Polybee, Lipobee and melittin did not induce any complement to any significant level. It supports the feasibility of using these formulations *in vivo* without risk of inducing immune response.

To further assess the benefits of using Polybee over Lipobee for systemic delivery, melittin leaching characteristic of these formulations were evaluated and estimated by performing an MTT assay on MD-MB231 cells. Leached melittin obtained after incubating Polybee and Lipobee with 10% fetal bovine serum (FBS) in the DMEM buffer was used at dilutions 1, 2, 4, 8 and 16 for MTT assays. A known melittin concentration was used as a positive control ranging from 20--1.25 μM. MTT assays exhibited a high amount of melittin leaching from Lipobee causing a high percentage of cell deaths at each dilution compared to cells treated with melittin leaching from Polybee which gives a highly significant bio-statistical significance (p \<0.001) at dilution factor 1. On the other hand, at the same dilution, melittin leached out from Polybee, resulting in a significant decline in cell population death with no significant change in cell viability ([Fig 5B](#pone.0125908.g005){ref-type="fig"}). These findings indicated that during systemic administration of Lipobee, a high amount of melittin might leach out in the circulatory fluid before reaching the cancer cells thereby causing a significant loss in anti-cancer efficiency.

Polybee nanoparticles have also exhibited noteworthy vigor when admixed with pig blood. A 'blood smear' preparation was made to identify any morphological variations in lymphocytes and blood clumping monitored by a clinical optical microscopy technique (conventional light microscopy) under a high power field ([Fig 5C](#pone.0125908.g005){ref-type="fig"}). No superficial plodding or morphological vicissitudes in blood cells were observed in fresh pig blood treated with PRCM, LRCM and Polybee (blood: NP = 10:1). However, pig blood treated with free melittin and Lipobee exhibited significant clumping and morphological alterations ([Fig 5C](#pone.0125908.g005){ref-type="fig"}, ii and iv). To understand the plausible mechanism of melittin release from Lipobee and Polybee *in vitro*, further studies were conducted. Release of therapeutic agents from nanoparticles has been reported as pH responsive and/or interactive with the anionic layer of the endosomal compartment in cellular systems. These factors can investigate the responsiveness of used nanoparticles for reaching a probable release mechanism. We used this strategy to narrow down our selection of preferential pathways for melittin release from Lipobee and Polybee nanoformulations. Lipobee and Polybee were prepared as discussed earlier followed by incubation at pH 4.6 and in the presence of sodium dodecyl sulphate (SDS, 1 mM) for 2 h. At the end of the incubation period, a hydrodynamic diameter was acquired for different formulations through the use of dynamic light scattering. Sizes at 0 h were considered as control for the experiments ([S2 Fig](#pone.0125908.s002){ref-type="supplementary-material"}).

DLS results clearly show the variation in size of Lipobee and Polybee only in presence of SDS (5 mM) without any significant effect at a lower pH ([S2 Fig](#pone.0125908.s002){ref-type="supplementary-material"}). It supports the plausible occurrence of anionic interaction in an endosomal compartment responsible for melittin release from Polybee and Lipobee. Additionally, a higher change in size of Lipobee occurred upon incubation with SDS signifying a higher lipid-surfactant interaction.

Peptide-polynucleotide interactions have always attracted the interest of medicinal chemists. It is of special interest to decipher melittin DNA interactions and understand their role in dissociation from the DNA secondary structure. Gel electrophoresis was performed to enable observation of the changes in electrophoretic mobility patterns of pBR322 incubated with various formulations in the presence (melittin, Polybee and Lipobee) and in the absence of melittin (LRCM and PRCM) as well as various concentrations of free melittin (50--0.0005 μM).

It was found that only free melittin was able to dissociate the plasmid DNA. In turn, the loss of the electrophoresis band was accomplished either by retarding the DNA migration or by expelling the intercalated EtBr (Ethidium bromide) due to major groove binding of melittin in the DNA duplex. Formulations with protected melittin in either of the cases, Lipobee and Polybee, did not influence the DNA bands to any significant extent ([S3A Fig](#pone.0125908.s003){ref-type="supplementary-material"}).

A further gel electrophoresis investigation showed that \~0.05 μM free melittin was sufficient to start the dissociation of a DNA secondary structure ([S3B Fig](#pone.0125908.s003){ref-type="supplementary-material"}). The interactions of melittin with DNA in free form signify that a release from Lipobee and Polybee can target genomic DNA, which might extend to the level of hindering the transcription process. However, no interaction can take place if melittin is stably incorporated. Here no significant effect from LRCM and PRCM on DNA mobility showed that these particles do not have an active role to play in DNA interaction and melittin is the only component in Polybee and Lipobee to participate in interaction with DNA duplex.

Proteins are major constituents of blood serum and counter the load vehicle and pharmacoactive agents while delivering through systemic circulations. Any obstruction in normal behavior of such blood serum proteins might lead to harmful consequences to the subject. As a model system of study, we chose fetal bovine serum to establish effects of free melittin and its nanoformulations, Lipobee and Polybees on normal spectroscopic properties. UV absorbance study was performed on 50 μM melittin incubated (free or nanoformulation form) 10% FBS solution. No hypso- or bathochromic shift in UV absorbance pattern was noted from FBS solution but absorbance was increased after incubation with free melittin. A decrease in absorbance was seen in case of Lipobee, which reached a level similar to nontreated FBS when compared to Polybee ([S3C Fig](#pone.0125908.s003){ref-type="supplementary-material"}). This observation could be explained due to the additional absorbance from added formulations, signifying no specific interaction of melittin in free or nanoformulation form with serum proteins.

The fate of released melittin can be rationalized in regards to its interaction with genomic pool cellular components. One among them could have resulted from an interaction of melittin with DNA. To explore the interactions of melittin with DNA in-silico, we performed docking studies of melittin into double stranded DNA ([Fig 6](#pone.0125908.g006){ref-type="fig"}). It has been found that melittin intertwines well and remains within a close proximity of DNA structures, forming 17 H-bond interactions and 3 hydrophobic interactions with phosphate groups and base pairings of DNA. It has also been noticed that nitrogen and oxygen in both backbones and side chains formed an H bond only with oxygen of phosphate groups, not with nitrogen and oxygen in paired bases. However, these strong H-bond interactions changed the conformations of paired bases, making the H-bond distance between paired bases mostly enlarged (See [S1 Table](#pone.0125908.s004){ref-type="supplementary-material"}). The low p-value (0.000415) implied that the conformation of bases of DNA was statistically different under the interactions of melittin. Side chains of Leu and Ala formed hydrophobic interactions with thymine. Docking energy was also found to be quite low (-12.12 mmol/kcal) due to multi-interactions and stable docked structures.

![DNA interaction studies.\
(a) Illustration of docked structure of melittin with DNA. (b) Key interactions of melittin with DNA. Melittin is shown as green links. (c) Molcad surface picture of docked structure.](pone.0125908.g006){#pone.0125908.g006}

We have established that PRCMs are optimized assemblies for melittin, which can improve the inhibition of cancer cell growth based on various hydrogen bonding connections, which originate between the polymer molecule PS~67~-*b*-PAA~27~ and melittin. Further studies with various fragments of melittin and its sequences reveal the variation in both docking energies and in the resultant final outcomes of the interactions. These measures could be extrapolated for other peptides too, interacting in totally different ways resulting in different morphology, size, stability and extent of delivering the peptide. These properties can be optimized in many ways whereby final outcomes can show results similar to those discussed here.

Methods {#sec003}
=======

Polyoxyethylene (20) cetyl ether and poly(styrene)-block-poly(acrylic acid) (PS~67~-*b*-PAA~27~) were obtained from Sigma Life Sciences (St. Louis, MO, U.S.A). Tetrahydrofuran (THF) was obtained from Avantor Performance Materials (Center Valley, PA, U.S.A.). Bee venom peptide melittin was obtained from Sigma Aldrich, Inc. (St. Louis, MO, USA). The hydrodynamic diameter was measured on a Malvern Zeta sizer machine equipped with a 633-nm laser. Zeta potential measurement was performed on a Malvern Zeta sizer instrument. Atomic force microscopy was performed on MFP-3D AFM from Asylum Research using Igor Pro software. The TEM images were acquired on JEOL 2100 Cryo TEM machine and imaged by Gatan UltraScan 2kx2k CCD.

Computational Modeling {#sec004}
----------------------

Mellitin, lethicin PC and and PS~67~-*b*-PAA~27~ polymer were built using a SKETCH module in Sybyl-X 2.0. Structural energy minimization was performed with the Tripos force field until a gradient convergence of 0.05 kcal/mol was achieved. The NB Cutoff was set to 8.00. Distance was set to the dielectric function, and the diaelectric constant was set to 1.00. MOE-Dock was used for the docking process with a MOE 2013.08 program. InducedFit was chosen as the docking protocol. The selected active sites were whole target molecules, which are PS~67~-*b*-PAA~27~ polymer and Lethicin PC, respectively. Triangle Matcher, which generated poses by aligning ligand triplets of atoms on triplets of alpha spheres, was used as the placement method with default settings.

London dG was chosen as the scoring function. The free energy change upon binding of ligand to a receptor was calculated as Eq.[1](#pone.0125908.e001){ref-type="disp-formula"}. $$\Delta G = c + E_{flex} + \sum_{h - bonds}\mspace{9mu} c_{HB}f_{HB} + \sum_{m - lig}\mspace{9mu} c_{M}f_{M} + \,\sum_{atoms\ i}\mspace{7mu}\Delta D_{i}$$ where c is average entropy loss/gain due to rotational/translational motion; Eflex is entropy loss due to conformational flexibility; cHB is H-bond maximum energy, and H-bond fHB measures geometric imperfections. cM is metal ligation maximum energy. Metal ligation fM measures geometric imperfections; ΔDi estimates the desolvation energy of each atom where i.5 poses were retained for the docking results analysis. The 1st pose with best score, i.e., lowest S value, was chosen as the docking pose. H-bond distance changes between bases of DNA after docking with melittin. ([Fig 7](#pone.0125908.g007){ref-type="fig"})

![](pone.0125908.g007){#pone.0125908.g007}

Materials Preparation {#sec005}
---------------------

### Preparation of PRCM {#sec006}

Polyethylene glycol cetyl ether (2 mg) was melted at 65°C for 5 min followed by the dropwise addition of 2 ml of water (approximately 1 drop/sec). The solution was allowed to stir for 20 min at 1150 rpm. Simultaneously, a solution of poly(styrene) 67-block-poly (acrylic acid) 27 (PS~67~-*b*-PAA~27~, Mn 1,600--1,950 (poly(acrylic acid)), Mn 6,500--7,000 (polystyrene), Mn 8,100--9,100, average Mn 8,700, mp: 192--197°C; Mw/Mn = 1.2) was prepared by adding 2 mg of the amphiphilic polymer and 1 ml of tetrahydrofuran (THF) to a glass vial. After the polyethylene glycol cetyl ether miceller suspension was stirred for 20 min, 250 μl of PS67 PS~67~-*b*-PAA~27~/THF solution was added drop-wise (approximately 1 drop/10 sec) to the solution. The solution was left for stirring overnight to allow THF evaporation. At the end of the procedure, volume was increased up to 2 ml with autoclaved nanopure water (0.2 μM). The suspension was further allowed to stir for 10 min at room temperature. The hydrodynamic diameter of prepared nanoparticles was measured using a nano series Zetasizer. Finally, the suspension was stored at 4°C overnight for curing the core of the particle and the particle size measurement was repeated. The nano particles were purified by dialysis against nanopure (0.2 μM) water using a 20,000 Da MWCO cellulose membrane for a prolonged period of time and then passed through a 0.45 μm Acrodisc Syringe filter. The nanoparticles were stored under argon atmosphere typically at 4°C in order to prevent any bacterial growth.
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### Preparation of LRCM {#sec007}

Polyethylene glycol cetyl ether (1 mg) was melted at 65°C for 5 min and 1.33 mg of lecithin PC was added. The mixture was allowed to stir for 20 min at 1150 rpm. Simultaneously, 1 ml of water was warmed up at 60°C and added to the mixture dropwise (approximately 1 drop/sec). The solution was left for stirring for 30 min and subsequently cooled down at room temperature. The hydrodynamic diameter of as-synthesized nanoparticles was measured using a nano series Zetasizer. Finally, the suspension was stored at 4°C overnight to allow the core of the particle to be cured and the particle size measurement was repeated for 5 days. The nanoparticles were purified by dialysis against nanopure (0.2μM) water using a 20,000 Da MWCO cellulose membrane for a prolonged period of time and then passed through a 0.45 μm Acrodisc Syringe filter. The nanoparticles were stored under argon atmosphere typically at 4°C in order to prevent any bacterial growth and characterized by various physico-chemical techniques \[[@pone.0125908.ref014], [@pone.0125908.ref015]\].
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### Preparation of Polybee and Lipobee {#sec008}

5 mM of Melittin solution was made from a dilution of 20 mM of melittin aqueous solution in 100 mM KCL in nanopure water. 40 μl of 250 μM melittin and 750 μl of PRCMs and LRCMs (as synthesized above) were mixed to make the 5 μM melittin containing Polybee and Lipobee, respectively. The mixed suspension was subsequently vortexed and incubated at room temperature for 30 min before storing at 4°C. The nanoparticles were purified by dialysis against nanopure (0.2 μM) water using a 20,000 Da MWCO cellulose membrane for a prolonged period of time. Melittin loaded formulations were characterized by various physic-chemical techniques \[[@pone.0125908.ref014], [@pone.0125908.ref015]\].
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### Dynamic light scattering measurements {#sec009}

Hydrodynamic diameter distribution and distribution averages for Polybee, Lipobee, PRCM and LRCMs in aqueous solutions were determined using a Malvern Zetasizer nano series--Nano ZS90. Scattered light was collected at a fixed angle of 90°. A photomultiplier aperture of 400 mm was used, and the incident laser power was adjusted to obtain a photon counting rate between 200 and 300 kcps. Only measurements for which the measured and calculated baselines of the intensity autocorrelation function agreed to within +0.1% were used to calculate nanoparticle hydrodynamic diameter values. The measurements for the particles were made at 0 h, 24 h, 48 h, 72 h, 96 h, and 120 hr after synthesis to evaluate the stability. All determinations were made in multiples of five consecutive measurements.

### Zeta potential measurements {#sec010}

Zeta potential (ζ) values for Polybee, Lipobee, PRCMs and LRCMs were determined with a nano-series Malvern Zetasizer zeta potential analyzer. Measurements were made following dialysis (MWCO 20 kDa dialysis tubing, Spectrum Laboratories, Rancho Dominguez, CA) of nanoparticle suspensions into water. Data were acquired in the phase analysis light scattering (PALS) mode following solution equilibration at 25°C. Calculation of ζ from the measured nanoparticle electrophoretic mobility (μ) employed the Smoluchowski equation: μ = εζ/η, where ε and η are the dielectric constant and the absolute viscosity of the medium, respectively. Measurements of ζ were reproducible to within ±5 mV of the mean value given by 20 determinations of 10 data accumulations

### Atomic force microscopy measurements (AFM) {#sec011}

Atomic force microscopy (AFM) was performed to observe the morphological topography in PRCM and LRCM structures. The samples were drop cast onto freshly cleaved mica sheets and air-dried for 24 h. Topographic imaging of all the formulations was obtained by operating the AFM in a tapping mode with an Asylum Cypher AFM instrument. The average particle height (H~av~) values and standard deviations were generated from the analyses of a minimum of 50 particles from three micrographs. Analysis of the AFM images was processed using ImageJ.

### Transmission electron microscopy measurements (TEM) {#sec012}

The Transmission electron microscopy (TEM) was performed on Polybee, Lipobee, PRCMs and LRCMs to evaluate their morphologies. Imaging was performed on samples prepared on copper grids coated with a formvar plastic and then coated with carbon for stability followed by negative staining with 7% Uranyl acetate.

### Human transformed cancer cell culture {#sec013}

MD-MB231 cells (ER (-) breast cancer cells) and MCF-7 cells (ER (+) breast cancer cells) were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Sigma) supplemented with 10% fetal bovine serum (FBS) in T25 culture flasks (Cellstar; Germany) and were incubated at 37°C in a 99% humidified atmosphere containing 5% CO2. Cells were regularly passaged by trypsinization with 0.1% trypsin (EDTA 0.02%, dextrose 0.05%, and trypsin 0.1%) in DPBS (pH 7.4). Non-synchronized cells were used for all the experiments.

### MTT Assay {#sec014}

The cell viability of Polybee, Lipobee, PRCM, LRCM and melittin formulations in used MD-MB231 and MCF-7 cells were investigated by using 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) \[[@pone.0125908.ref016]\] reduction assay in presence of 10% FBS in antibiotic free media. Experiments were performed in 96 well plates (Cellstar; Germany) growing 8,000 cells per well 24 h before treatments. Experiments were performed for various concentrations of melittin ranging from 10 to 1000 nM present in free or Polybee and Lipobee forms while the same volume of LRCM and PRCM was used as negative controls. Cells were incubated for 48 h before performing the MTT assay. After incubation period, cells were imaged for investigating growth density and morphology variations. Cells were further treated with MTT as 20 μl (5 mg/mL) per well and further incubated for 5 h. At the end of the incubation, the entire medium was removed from wells and 200 μL of DMSO was added to dissolve blue colored formazan crystals. The percentage cell viability was obtained from a plate reader and was calculated using the formula % Viability = {\[A630(treated cells)- (background)\]/\[A630(untreated cells)-background\]}x100.

### Plausible mechanism of melittin release from Lipobee and Polybee in vitro {#sec015}

To establish the possible pathway of melittin release from Lipobee and Polybee formulations, experiments were performed by incubating the formulations with SDS (5 mM) at pH 4.6 for 2 h before acquiring their hydrodynamic diameter \[[@pone.0125908.ref017], [@pone.0125908.ref018]\]. A significant change in hydrous diameter was achieved by interaction with SDS and by not lowering pH to 4.6, which revealed the repackaging of structural components only in presence of anionic assemblies, during which melittin might get released.

### Blood-smear experiment {#sec016}

A single smear was made per slide by putting a drop of fresh pig blood on the slide (near the end). The drop was spread by using another slide ("spreader"), placing the spreader at a 45° angle and backing into the drop of blood \[[@pone.0125908.ref019], [@pone.0125908.ref020]\]. The spreader catches the drop and it spreads by capillary action along its edge. Smear is allowed air dry for 10 min and cover-slip before placed directly on the microscope and observed under 40 x magnifications. A ratio of 1:9 Polybee, Lipobee, PRCM, LRCMs and melittin (10 μl; melittin conc. 50 nM) and pig blood was used for preparation of the smear.

### Melittin-DNA interaction and dissociation of primary and secondary structure {#sec017}

The most favorable interactions between amino acids and nucleobases are toward arginine and lysine with guanine and also for lysine with thymine. These preferences could explain partial charge interactions between amino acid side chains and base functionality in the major groove \[[@pone.0125908.ref021]\]. It is interesting that electrostatic interactions are of critical importance but an additional contribution might come from the flexible side chain interactions viz. hydrogen bonding and hydrophobic interaction, which might also play significant role. Interactions between amino acid residues and DNA bases are introduced by H-bonding or hydrophobic packing interactions in the major groove. Amino acid residues Glu and Asp are known to have H-bond acceptors but not donors, and they only interact with C or A bases. Ser, Cys, and Thr play dual roles as both donor and acceptor, and Arg and Lys play H-bond donor but not acceptor. Hydrophobic interaction in the major groove of DNA is the single methyl group of the T base. Hydrophobic interactions can occur between Ala, Val, Ile, Leu, Met, Phe, Tyr, Trp and Thr with three methyl groups on T base. Similarly two ring CH groups of the C bases can also interact with hydrophobic residues; however, interaction with the hydrogen atoms of C will not be as strong as with the methyl group of the thymine. On the other side, Ala appears to be insufficiently hydrophobic to contact the C base.

Keeping these possible interactions in mind, we want to explore interaction patterns and possible dissociation in the secondary structure of plasmid DNA, as a model duplex system with melittin \[[@pone.0125908.ref022]\]. An experiment was performed by incubating plasmid DNA pBR322 with melittin in free or Lipobee and Polybee forms while LRCM and PRCM were used as negative controls. Another experiment was performed on 1% agarose gel in TAE buffer. The pBR322 plasmid DNA (0.3 μg/cocktail) was used to mix with melittin, Polybee and Lipobee (with a melittin concentration of 50 μM). LRCM and PRCM were used with equal volume as in case of Polybee and Lipobee formulations. To know the effect of melittin concentration, another set of cocktails were also prepared using the same amount of DNA per cocktail but with melttin concentration varying as 50, 5, 0.5, 0.05, 0.005 and 0.0005 μM. At the end of 1 h of incubation at room temperature, cocktails were mixed with 6x DNA loading dye and loaded on gel for running electrophoretically. Untreated DNA was run as control for the experiment. After running the gel, it was stained in ethidium bromide (20 mg/100 ml) for 10 min followed by washing for 5 min to remove excess EB staining. Gels were imaged under UV light.

### Interaction of melittin with serum proteins {#sec018}

To investigate the interaction pattern of melittin and melittin-based Lipobee and Polybees with serum proteins, FBS (fetal bovine serum) was used for the model system \[[@pone.0125908.ref023]\]. A 10% FBS solution was incubated with 50 μM Melittin in free or Lipobee and Polybee forms. Samples were incubated for 4 h before measuring the UV absorbance.

### Biostatistical Analysis {#sec019}

To evaluate the extent of improvements in activity of melittin against cancer cell growth when formulated as Polybee, ONE way ANOVA was performed. It was performed on IC50 values with a Bonferroni post test to calculate p values ay 0.001 and 0.005 and represented as \*\*\* and \*\* values next to the values.

Conclusions {#sec020}
===========

We have established an *in-silico-to-in-vitro* approach to synthesize a well-defined, self-assembled, rigid-cored polymeric (polybee) nano-architecture for controlled delivery of a key component of bee-venom, melittin. A competitive formulation with lipid-encapsulated (Lipobee) rigid cored micelle was synthesized. In a series of sequential experiments, we studied how nanoscale chemistry influences the delivery of venom toxins for cancer regression and helps evade systemic disintegrity and cellular noxiousness. Our experimental and computational results indicated that Polybees were better cancer cell growth inhibitors than Lipobees in two breast cancer cell lines, presumably due to their stable and tighter association with melittin. Our results indicated insignificant to no complementary activation from these particles and free melittin. Studies with sodium dodecyl sulfate and lower pH revealed anionic membrane interactions as probable mechanisms for melittin release from Lipobee and Polybee nanoparticles. UV absorption studies for fetal bovine serum revealed their inactivity against serum proteins while gel electrophoretic assays described very strong interaction of free melittin with plasmid DNA. Extensive molecular docking studies revealed significant changes in base pair H-bonding distances after interaction with melittin. The main reason behind the differential behavior of peptide incorporation in lipid and amphiphilic polymer-based nanoassemblies can be found in the different types of interactions they face. Model lipidic membranes are known to be disrupted after interaction with polypeptides, \[[@pone.0125908.ref024]\] which are supposed to expand the lipid assembly in case of Lipobee and in turn increase the hydrodynamic diameter by a significant extent. Here none of the components of PRCM and LRCM are designed to respond to lower pH although PS-b-PAA could have improved electrostatic repulsion between the deprotonated PAA chains resulting in the thinning of the vesicle membrane at higher pH only.\[[@pone.0125908.ref025]\] On the other hand, melittin is known to have different fusion extent to model vesicles of phospahtidyl choline with maximum at 5.1 which could play role in case of cellular interactions of Lipobee and Polybee formulations, \[[@pone.0125908.ref026]\] but as LRCM and PRCM making major fractions of Lipobee and Polybee, anionic assemblies/membranes are supposed to play major role. On the other hand, we have demonstrated through melittin leaching studies that Polybees are very stable as such and do not change size as much as Lipobee. After release from Polybee particles, melittin could play a significant role in DNA association-dissociation processes, too, which might assist in growth inhibition of the desired cell population. Thus, we conclude that the use of amphiphilic polymer in preparation may provide a better strategy to produce stable formulation of melittin for systemic application compared to lipid-based amphiphiles.

Supporting Information {#sec021}
======================

###### Docking poses of peptide fragments showing interactions.

Docking poses of 17-residue, 16-residue and 9-residue peptides to PS~67~-*b*-PAA~27~ polymer and lecithin PC. Docking poses of (a) 17-residue peptide, (b) 16-residue peptide, and (c) 9-residue peptide to PS~67~-*b*-PAA~27~ polymer, (d) 17-residue peptide, and (e) 16-residue peptide; (f) 9-residue peptide to lecithin PC. Green links represent peptides. White lines represent PS~67~-*b*-PAA~27~ polymer and lecithin PC.

(TIF)

###### 

Click here for additional data file.

###### Responsiveness of the formulation in presence of anionic surfactants and lower pH.

Hydrodynamic size distribution of Lipobee (a, c) and Polybee (b, d) suspension in presence of SDS (a and c; 5 mM) and at pH 4.6 incubation (c and d) for 2 h. 1 mL of samples were used for DLS measurements and acquired as multiples of five consecutive runs.

(TIF)

###### 

Click here for additional data file.

###### Gel electrophoretic images of plasmid DNA interacted with melittin in free or Lipobee and Polybee forms.

\(a\) 200 ng of plasmid DNA incubated for 60 min with melittin, Lipobee and Polybee formulations with 50 μM melittin and LRCM, PRCM as control; (b) 200 ng of Plasmid DNA incubated with 50--0.0005 μM of free melittin for 60 min before performing gel electrophoresis. (c) UV-spectroscopic behavior of melittin and nanoformulation in presence of fetal bovine serum.

(TIF)

###### 

Click here for additional data file.

###### H-bond distance of bases before and after docking (T test: p value = 0.000415).

(PDF)

###### 

Click here for additional data file.

###### Docking Scores of 17-, 16- and 9-residue melittin fragments to Polybee and Lipobee system.

(PDF)

###### 

Click here for additional data file.
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